Introduction
One of the major occupations of paleomagnetic research is characterizing the behavior of the Earth's magnetic field over time including both directional and intensity variations. Perturbations of the geomagnetic field on a global scale reveal insights into its structure on centennial (Jackson et al., 2000) , millennial (e.g., Korte et al., 2009) , million (e.g., Tanaka et al.,1995; Ziegler et al., 2011) and billion (Tarduno et al., 2010; Biggin et al., 2012) year timescales. Investigations into the behavior of the geomagnetic field over times scales longer than human observations are based on global compilations of paleomagnetic data and are dependent on the accuracy of available paleodirection and paleointensity estimates. Paleointensity estimates come from a variety of sources, including deep sea sediments, volcanic rocks and archeological artifacts. Volcanic rocks have the advantage over other materials that they may provide absolute intensity estimates from present day to hundreds of millions and perhaps billions of years ago. However, the ability of lava flow samples to accurately record the strength of the ancient magnetic field may affect our understanding of geomagnetic field behavior.
There are many experiments designed to recover the paleointensity signal from volcanic rocks (see Tauxe and Yamazaki (2007) for an in depth review). Some of the most widely used methods are the Königsberger-Thellier-Thellier technique (Königsberger, 1938; Thellier and Thellier, 1959) and its derivatives (e.g., Coe, 1967; Aitken et al., 1988; Hill and Shaw, 1999; Tauxe and Staudigel, 2004) , the Shaw method (Shaw, 1974) and its variants (e.g., Tsunakawa and Shaw, 1994) , and multispecimen approaches (e.g., Hoffman et al., 1989; Hoffman and Biggin, 2005; Deckers and Böhnel, 2006 ). Each experiment is tested against modern lava flows erupted in known fields where the null hypothesis that volcanic rocks cannot accurately record magnetic field strength is disproven when the measured specimens agree with the known field intensity (within error). Love and Constable (2003) analyzed the reliability of all available intensity data from http://dx.doi.org/10.1016/j.pepi.2014.12.007 0031-9201/Ó 2015 Elsevier B.V. All rights reserved.
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j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / p e p i the 1960 Kilauea lava flow from the Big Island of Hawaii and found an average field strength of 33.91 lT with a standard deviation of 19% (expected intensity = 36.0 lT). Herrero-Bervera and Valet (2009) made their own compilation of the same flow and confirmed that the majority of published intensity estimates do not consistently recover the expected field strength, especially those estimates derived from Thellier-type experiments. Some individual results from this method differ by more than 50%. Failure to consistently reproduce a known field is troubling when considering the importance of paleointensity results in geomagnetic field modeling.
The stark disagreement among paleointensity results from the same cooling unit can be attributed to different experimental techniques, varying selection criteria between researchers, and the degree to which specimens alter or multi-domain behavior (Yamamoto et al., 2003; Chauvin et al., 2005) . Yamamoto (2006) also suggest that overestimates of field strength could be caused by acquisition of thermochemical remanent magnetization (TCRM) during lava flow emplacement. With few exceptions, paleointensity methodologies are based on the assumption that the measured specimens are comprised of single-domain magnetic grains and that there is a linear relationship between the ancient magnetic field and the imparted laboratory field. The majority of paleointensity studies, however, sample a range of grain sizes from single-domain (<80 nm) to pseudo-single-domain ($100 nm) and multi-domain (>$200 nm) (Tauxe et al., 2010) , so often illustrated in Day plots (Day et al., 1977) . Multidomain specimens produce non-linear, Arai plots (Levi, 1977; Dunlop and Özdemir, 2001 ) which require subjective NRM/TRM slope interpretations. The failure of many Thellier-type historical measurements may have less to do with experimental methods or loose selection criteria, but rather that researchers collect their samples from the slowly cooled interiors of lava flows where crystals are more massive, and multi-domain grains will have a greater influence on the remanent magnetization of the volcanic rock.
An alternate strategy would be to target rapidly cooled, fine grained material for paleointensity studies (e.g., Pick and Tauxe, 1993; Bowles et al., 2006) where experimental results are more likely to be well behaved, rather than interpret or attempt to correct for multi-domain behavior after the fact (e.g., Deckers and Böhnel, 2006; Wang and Kent, 2013) . Subaerial rhyolitic volcanic glass has been tested as a suitable recorder of paleointensity (e.g., Leonhardt et al., 2006; Ferk et al., 2012) in relation to laboratory (Ferk et al., 2010) and ancient (Ferk et al., 2011) magnetic fields. Here, we explore the viability of glassy margins of subaerial lava flows as recorders of magnetic field strength. We collected quickly cooled, glassy volcanic material from eight historic lava flows on the Big Island of Hawaii and compared our paleointensity results to the expected field strength. The intensity for historic lavas is well known from the International Geomagnetic Reference Field model (IGRF) (1900 C.E. to present). Prior to 1900, models such as GUFM (Jackson et al., 2000) , ARCH3k and CALS3K (Korte et al., 2009) provide reasonable estimates of the expected field.
Methods

Sampling
We sampled rapidly-cooled volcanic material from eight historic basaltic lava flows on the Big Island of Hawaii (Fig. 1) . Unoriented hand samples were collected using a rock hammer and chisel from carefully selected sections of each lava flow. We collected volcanic glass on pahoehoe ropes from the 1843, 1859, 1935, 1990 and 2010 (Fig. 1b) C.E. flows, and aa spires from the 1907, 1950 and 1960 (Fig. 1 C.E. flows. Care was taken to avoid areas with signs of alteration or complicated cooling structures. At each locality we collected at least two samples from different surfaces in order to increase the probability of acquiring reliable paleointensity results and obtain an internal consistency check for paleointensity results.
Paleointensity
Rapidly cooled material was subsampled from larger hand samples in the laboratory. Specimens with magnetic moments of at least 10 À10 Am 2 were subjected to ultrasonic treatment to remove any superficial dirt or alteration features that might acquire a thermal magnetic signature during laboratory heatings. During the ultrasonic treatment, all specimens were placed in beakers with a 10% HCl solution in a water bath for 15 minutes. The ultrasonic bath was chilled to prevent the specimens from heating above 30 C and potentially acquiring a partial thermal remanent magnetization (pTRM). Following ultrasonic cleaning, all specimens were placed in labeled glass tubes for the paleointensity heating experiment.
We used the IZZI-modified Thellier-Thellier experiment (Tauxe and Staudigel, 2004) to estimate field strength from 131 specimens from our eight historic lava flows.
Step-wise heating experiments were performed in custom-built ovens at the Scripps Institution of Oceanography paleomagnetics laboratory at the University of California, San Diego. Natural remanent magnetization (NRM) and pTRM measurements were taken using a 2G Cryogenic Magnetometer. A 20 lT laboratory field was applied to all specimens during in-field heating steps and pTRM alteration checks were performed at every other temperature step. IZZI experiments were carried out until at least 95% of the NRM was removed.
Selection criteria
Data interpretation was performed using the Thellier GUI Auto Interpreter of Shaar and Tauxe (2013) (part of the PmagPy software distribution available at http://earthref.org/PmagPy/cookbook) which provides objective and reproducible interpretations based on a uniform set of criteria. The selection statistics used in this study are listed in Table 1 and described below (for a thorough review of all paleointensity statistics see Paterson et al. (2014) ).
SCAT (Shaar and Tauxe, 2013) tests the degree of scatter over a range of NRM/TRM data points and is designed to evaluate the degree of alteration or scatter about the best-fit slope. It is a boolean statistic which uses the threshold value of b (in this case b threshold = 0.1, see below) to test whether experimental measurements on the best-fit Arai plot (Nagata et al., 1963) are too scattered. There is no absolute numerical requirement for SCAT, instead the criterion is labeled True if all points associated with a chosen Arai plot segment fall within the SCAT polygon (illustrated graphically in e.g., Fig. 2a ). FRAC (Shaar and Tauxe, 2013) measures the fraction of the NRM used in calculating a paleointensity value. FRAC is calculated from the NRM fraction of a select range of NRM/ TRM data points on an Arai plot and is determined using the full vector difference sum calculation. Gap Max (Shaar and Tauxe, 2013) is the maximum gap between two NRM/TRM data points determined by vector arithmetic. b (Coe et al., 1978; Tauxe and Staudigel, 2004) measures the relative scatter around the best-fit line in an Arai plot. It is defined as the ratio of the standard error of the slope to the absolute value of the slope. DANG (Tauxe and Staudigel, 2004) , or Deviation ANGle, is the angular difference between the NRM components used in the best-fit line and the angle that the line anchoring the center of mass makes with the origin. MAD free (Kirschvink, 1980) (maximum angle of deviation) is a measure of scatter about the best-fit line through the NRM steps in an Arai plot. We also calculated the curvature statistic,k, of Paterson (2011) . Curvature is calculated by using a least squares approach to fit the data in an Arai plot with a best-fit circle of the form ðx À aÞ 2 þ ðy À bÞ 2 ¼ r 2 (Taubin, 1991; Chernov and Lesort, 2005) , where x is the TRM gained and y is the NRM remaining.k is the inverse of the calculated radius, 1=r. A more curved arc has a higher value ofk and a perfectly straight line will have ak ¼ 0.
We calculatedk 0 , which is a measure of the curvature over a select range of temperature steps, not the complete Thellier experiment.
As a first pass, we chose MAD, Gap Max, and DANG to be relatively strict (5 , 0.6 and 10 respectively) while the Thellier Consistency Test tool was used to select values for FRAC and b. The Thellier Consistency Test (part of the Thellier GUI package) varies FRAC and b and calculates a range of paleointensity results from the entire suite of specimen measurements while keeping MAD, Gap Max and DANG constant. Our strategy was to find the set of threshold values for b and FRAC that accepts the most sites with a minimum of three specimens and with a standard deviation less than 4 lT or 10% of the site mean. These strict criteria ensure that sites with poorly determined field estimates are excluded from the final analysis.
Anisotropy
Most successful specimens underwent correction for anisotropy, using either thermal (ATRM) or anhysteretic (AARM) methods. ATRM experiments included seven heating steps carried out at 550°C. Six in-field steps were carried out in a 40 lT field at orthogonal directions (+x, +y, +z, Àx, Ày, Àz) followed by an additional in-field alteration check at the end of the experiment (+x). AARM tensor determinations were carried out in nine measurement positions as defined by Jelinek (1978) (1-3, 6-8, and 11-13), using an alternating current peak field of 180 mT and a 100 lT direct current field. Prior to each ARM step, a baseline was established by demagnetizing each specimen in an alternating field of 180 mT. This baseline measurement was subtracted from the subsequent in-field ARM measurement.
We used an F-test (Hext, 1963) whereby the anisotropy tensor is not used if the F-test is below the threshold value for anisotropy at the 95% confidence level. ATRM and AARM tensors were applied to the final paleointensity result of each appropriate specimen (Veitch et al., 1984) . Thirteen specimens passed the F-test with results above the threshold value, and the anisotropy corrections for most specimens were minimal. The average correction is about 3:5% with one specimen changing by 32% of its original intensity value (Table 2) . Site accuracy and scatter improved or stayed the same for all sites with anisotropy corrections, indicating that we have effectively applied this methodology to our specimens (Paterson, 2013) .
Hysteresis loops and first order reversal curves
Selected specimens were chosen for hysteresis and first order reversal curve (FORC) experiments. Hysteresis and FORC measurements were performed at the Scripps Institution of Oceanography on a Princeton Measurements Corp. Micromag Model 2900 alternating field magnetometer (AFM). FORC data were analyzed using the FORCinel software of Harrison and Feinberg (2008) . Smoothing factors for each FORC were determined using the optimization routine in FORCinel.
Results
The majority of specimens subjected to the IZZI experiment exhibit either linear Arai plots with good reproducibility of pTRM check steps or have obvious signs of failure due to failure of pTRM check steps, or curved Arai (Nagata et al., 1963) or Zijderveld (Zijderveld, 1967) plots. Representative specimens from the IZZI paleointensity experiment and their hysteresis behavior are shown in Fig. 2 . The paleointensity data are shown using the NRM versus pTRM Arai plots, with inset Zijderveld diagrams (Fig. 2a, d, g, i) . Also shown are associated hysteresis loops ( Fig. 2j ) and successful FORC diagrams (Fig. 2c, f) . Fig. 2a and d, are very well behaved specimens with linear Arai diagrams through the entire TRM (Fig. 2g, h ) also exhibits a near-linear Arai plot and records a paleointensity within 2% of the expected field strength. The hysteresis loop for this specimen, however, suggests a strong paramagnetic contribution and the FORC measurement (not shown) had no discernible signal. In this instance, rock magnetic experiments would not be a good predictor of paleointensity success as the IZZI experiment for hw108c1 passes all quality checks and accurately recovers the expected magnetic field strength. A different specimen from the same lava flow, hw108b1 (Fig. 2i, j) , is not single-domain, as evidenced by the concave-up Arai plot. There is also a substantial paramagnetic contribution ( Fig. 2j ), but the FORC diagram (not shown) was not recoverable without a very large smoothing factor (SF = 10).
A scanning election microscope (SEM) image from hw108c2 ( Fig. 3a) shows that the primary magnetic carrier for this specimen is micrometer-scale dendritic titanomagnetites. Similarly sized titanomagnetite dendrite structures are found in hw2010B ( Fig. 3c-f ) where Shaar and Feinberg (2013) observed fine dendrites arranged along the edges of larger pyroxene grains in the glass. Dendritic textures dominate these Hawaiian glasses, but there is still a large population of non-dendritic titanomagnetites (Shaar and Feinberg, 2013) that may contribute to the natural remanence.
A total of 54 out of 131 specimens (41%), representing six of our eight sampled lava flows, pass our optimized experimental requirements listed in Table 1 . Specimen paleointensity results and accompanying statistics are listed in Table 2 and averages for each lava flow are listed in Table 3 . All listed intensity values are corrected for anisotropy if those experiments passed an anisotropy F-test (Hext, 1963) .
Average site intensities for each successful lava flow are consistent with the expected magnetic field strength in Hawaii. Five of six flows recover the historic field intensity to within 10% of the expected value (Table 3 and Fig. 4 ), and four of these are within 4%. The 1990 (hw201) and the 2010 (hw2010B) flows have average field strengths at least 8% lower than the expected field.
Paleointensity results from the 1907 flow (site hw123) exceed the variance limit set in our site level criteria. The circumstances surrounding this site rejection are curious because all six measured specimens pass the optimum specimen level criteria, but one specimen, hw123a9, records an intensity value of 90.2 lT, nearly three times the expected field strength (37.8 lT) and no anisotropy correction was applied because the F-test determined that the unique to hw123a9 produced an exceptionally high magnetic field compared to its sister specimens and perhaps rejection of this specimen could be justified. Unfortunately, there is no concrete basis on which to exclude it apart from its abnormally high field. We therefore must reject the entire site from further discussion even though an argument could be made that this site, with five consistent specimens, warrants inclusion in the final analysis. The 1859 flow (site hw108) also exceeds the site level variance, with a single sample responsible for the large standard deviation. This sample (hw108a3) passes our optimized selection criteria but has a large curvature value (k 0 = À0.371), which, as we indicate below, may introduce a bias in site and sample level paleointensity estimates.
Concave-up Arai plots like that shown in Fig. 2i allow paleointensity interpretations from several slopes. It is possible that the ''correct'' paleointensity is recoverable in the Arai plot, but identifying the correct slope is highly unlikely unless the target paleointensity is known. Paleointensity estimates derived from the full experimental TRM should theoretically recover the ancient field strength (Dunlop and Özdemir, 2001 ), but we will show that this process consistently underestimates the expected field intensity in our experiments.
The Thellier GUI Auto Interpreter ensures that all specimens are objectively chosen to meet a certain set of selection criteria. Our strict requirements ensure that no strongly concave-up specimens are accepted (e.g., Fig. 2j ), but we do observe a range of ''near-ideal'' Arai diagrams that are not perfectly linear (e.g., Fig. 2a ) yet pass our selection criteria. Cromwell et al. (2013) observed that when the complete TRM is measured, paleointensity estimates obtained by fitting a straight line to the endpoints of curved Arai plots underestimate magnetic field intensity compared to ideally behaved sister specimens. Based on this observation we investigate whether or not specimens with even slightly concave-up Arai diagrams have lower intensity estimates than those that are more linear.
In their evaluation of Arai plot curvature and historic paleointensity estimates, Paterson (2011) observed that specimens with jkj < 0:164 yielded more accurate results with lower scatter. In Fig. 5a we plot curvature for each of our accepted specimens against normalized paleointensity (B F /B exp ) and evaluate the behavior of our specimens relative to the curvature threshold set by Paterson (2011) . Fifteen optimized specimens have jk 0 j values greater than 0:164 (starred in Table 2 ). Removing the 15 specimens that exceed the curvature threshold slightly improves dataset accuracy and reduces scatter; the median normalized intensity improves from 0.971 to 0.974 of the expected intensity and the median absolute deviation decreases from 0.038 to 0.036. Application of jk 0 j as an additional selection criterion removes a small low-field bias in our dataset and is particularly important in sites where all specimens have large curvature values, such as hw2010B. The site mean intensity of hw2010B, 29.5 lT, underestimates the expected field strength by more than 15%. This low-field estimate is therefore likely to be caused by the bias introduced by curved Arai plots because all three specimens in this site have curvature (absolute) values greater than 0:164. It is evident that paleointensity data derived from specimens with jk 0 j P 0:164 introduce a slight bias into site mean results, and that our specimen's acceptance method can be improved by applying jk 0 j as an additional selection requirement. We re-ran the Thellier GUI Auto Interpreter with the added selection criterion of jk 0 j < 0:164. A total of 59 specimens from six sites passed this strict set of criteria (Table 4, Table 5 , Fig. 6 ). As expected, the overall accuracy of the data improved relative to our optimized, less rigorous, dataset. The median normalized intensity of all specimens increased to 0.980 and the median absolute deviation of decreased to 0.035. The most significant difference between data sets is the acceptance of site hw108 and the rejection of site hw2010B. Two specimens from hw108 (hw108a43 and hw108a4) exceeded the curvature threshold and were rejected, reducing the standard deviation to within 5% of the site mean. No specimens from site hw2010B passed the strict selection criteria. Site mean intensities and standard deviations for the remaining sites remain essentially unchanged.
While the criterion of demanding that jk 0 j < 0:164 does increase the accuracy of our results, reducing the low bias associated with curved Arai plots, the results from the 1990 flow remain low. A low average intensity for the 1990 flow is not unique to our experiments. de Groot et al. (2013) also observe a lower than expected average field strength for this lava flow using a pseudo-Thellier method (Tauxe et al., 1995) , calibrated using the 1990 flow among other historical flows. We note that their result agrees with the expected field strength (as it was designed to do) within their larger 1r-error (33:6 AE 3:3 lT compared to 32:5 AE 1:2 lT from this study). While on location in Hawaii, we measured the local magnetic field at a number of localities and observed magnetic anomalies up to around 10% of the expected field strength. It is possible that our site results could be affected by a local field anomaly, perhaps like the 1990 flow, but the fact that most of our sites are consistent with expected field strength suggests that local magnetic anomalies are minimal.
Discussion
Subaerial volcanic glasses from historic lava flows allow recovery of intensities within 8% of the expected Earth's magnetic field (Fig. 4) and within 4% when applying thek 0 requirement. Paterson et al. (2012) considered the effect of experimental noise on Thellier-type paleointensity data and predicted that noise led to a best-case accuracy of 6-7%. We find that strict selection criteria coupled with careful sampling of rapidly cooled materials can yield sites that exceed this predicted accuracy. Our results prove that basaltic volcanic glass is an ideal material for Thellier-type paleointensity experiments. Although unoriented samples from flow tops (Shaar and Feinberg, 2013) .
Table 3
Site level paleointensity results using optimized selection criteria for historic Hawaiian lava flows. Sample latitude and longitude listed with n specimens per site. BF is the estimated ancient field strength in microTesla, Br is the standard deviation of each sample field estimate and Br % is percent error of each estimate. Bexp is the expected intensity for each lava, DB is the difference between the estimated and expected field strengths, DB% is the percent difference. are unsuitable for determining magnetic directions, paleointensity investigations will benefit if, where possible, researchers spend the requisite time collecting rapidly cooled material in addition to traditional drilling methods. The success of our paleointensity experiments is impressive both in accuracy and consistency, six of our eight sampled lava flows yield statistically reliable results using very strict selection requirements. It is important to note that we require a minimum of three specimens per site with a standard deviation less than 10% of the mean. Most studies in the published literature ask for only two successful specimens per site and set a maximum standard deviation of 15% or greater. Each of our successful sites has at least four accepted specimens, which is a result of the single-domain-like material we collected for this study.
Paleointensity studies on rhyolitic volcanic glasses suggest that overestimates of 13% to 20% of ancient (Leonhardt et al., 2006) and experimental (Ferk et al., 2010) magnetic field strengths are likely to occur unless cooling rate corrections are performed. We find that cooling rate corrections on our modern glassy basalt specimens are unnecessary considering that our site results do not overestimate the magnetic field strength and actually (slightly) underestimate the field or reproduce the expected intensity within a 1r-error, which is a few percent of the mean.
The benefits of using rapidly cooled material in paleointensity studies are demonstrated when comparing intensity results from the same historic lava flow. Fig. 7 plots individual paleointensity estimates from the 1960 Kilauea lava flow from the Big Island. All previously published studies in this figure used traditional drill cores or subsampled larger hand samples from the basaltic lava flow interior, whereas we sampled the rapidly cooled flow tops. In this figure, the most recent publications have less variation and greater accuracy than earlier intensity studies. A dramatic reduction in variance is especially evident for those studies using Thellier-type paleointensity experiments. Part of the reason for this improvement can be attributed to observations of positive correlations between NRM fraction (Chauvin et al., 2005) , unblocking temperature spectra (Herrero-Bervera and Valet, 2009 ) and paleointensity success. A general trend towards stricter acceptance criteria also limits the inclusion of imperfect experimental results and removes the need to interpret subjective Arai diagrams caused by multi-domain-like behavior. We tested whether our successful recovery of the 1960 Hawaiian field intensity can be duplicated on samples collected from the slowly-cooled interior of the flow. Yamamoto et al. (2003) applied the Coe-Thellier intensity experiment (Coe, 1967) to 19 samples drilled out of the 1960 Kilauea flow and found that 17 passed their selection requirements (a slightly modified version of those used by Coe et al. (1978) ). The mean intensity of those specimens (49.0 AE 9.6 lT) is about 35% higher than the expected field strength. When we apply our strict specimen selection criteria to the raw measurement data from Yamamoto et al. (2003) (available for download from the MagIC database at: http://earthref.org/ MagIC/9552), we find that the average intensity from eight accepted specimens, 39.1 AE 5.0 lT, is within one standard deviation of the expected value. The improvement in mean intensity for the Yamamoto et al. (2003) dataset can be attributed to the removal of nine specimens with curved Arai plots that had an original range of calculated intensities between 45 and 85 lT. The high intensities of these now rejected specimens could be the result of TCRM acquisition during lava emplacement as suggested by Yamamoto (2006) and may also be a function of the steeper, low temperature Arai plot component chosen for intensity calculation. The revised results of the Yamamoto et al. (2003) data is certainly an improvement over the original site average, but this new dataset would not pass our site requirement that the standard deviation of all accepted specimens be within 4 lT or 10% of the mean. The reasons for this higher variance, compared to the results from our data from rapidly cooled specimens, could be due to the difference in sample material or perhaps the different experimental techniques. We note that the traditional Coe-variant of the method does not test for the equivalence of unblocking and blocking temperatures (a symptom of non-single domain behavior) so is less sensitive in detecting unsuitable material.
The benefit of volcanic glass as an experimental material is that a greater percentage of measured specimens will be single-domain, therefore the likelihood of a successful experiment will increase and time consuming thermal heating experiments will be more fruitful. In some instances however, even apparently ideal specimens can differ by 20% of the expected intensity (e.g. Fig. 4) . Multi-domain specimens generally yield curved Arai plots and are unreliable recorders of paleointensity as they are subject to multiple slope interpretations and consistently underestimate the ancient field strength when taking the full TRM. Our preference for sampling glassy material limits the amount of multi-domain material in our collection and therefore the number of specimens requiring subjective interpretations. There is little question about what a 'perfect' experimental result looks like, and we are fortunate that approximately half of our measured specimens closely Table 5 Site level paleointensity results using strict selection criteria for historic Hawaiian lava flows including the application of thek 0 criterion. BF is the estimated ancient field strength in microTesla, Br is the standard deviation of each sample field estimate and Br % is percent error of each estimate. Bexp is the expected intensity for each lava, DB is the difference between the estimated and expected field strengths, DB% is the percent difference. follow Néel theory and produce nearly linear Arai plots and singledomain like behavior.
Curvature calculation of Thellier-type experiments and implementation of the jk 0 j threshold complements our optimized selection criteria by identifying non-ideal specimens that underestimate the expected field strength due to effects from multi-domain grains. The addition of jk 0 j removes a low-field bias in our specimens and should be used as an additional selection statistic in future paleointensity studies.
While Fig. 7 illustrates a general trend towards greater sample accuracy, it also highlights the inherent uncertainty of existing paleointensity estimates in the literature. The inability of researchers to consistently recover the magnetic field strength of lavas extruded in known fields is troubling, considering that essentially all specimens in the published literature were erupted in unknown fields. Except for rare instances, specimens with a linear Arai plot can be expected to accurately record the ancient field strength, regardless of the type of material being used (e.g., volcanic glass or crystalline interior), however much of the published data is non-ideal. In order to remove the effect of deviant field estimates, stricter criteria must be used especially at the sample level. We have shown that the expected magnetic field strength can be recovered within 8% (4% when using thek 0 criterion) using at least four specimens per site. Requiring three or four individual estimates (or more) per site reveals within-site discrepancies and will allow researchers to better constrain changes in the geomagnetic field.
It is reasonable to suggest that the variance observed in Fig. 7 is representative of all published intensity data, and the distribution would suggest that acquiring an accurate estimate of geomagnetic field strength will be difficult over an given time interval. We use the published intensity values from all 1960 Kilauea specimens in Fig. 7 to determine if it is possible to use published intensity data to obtain accurate field strength estimates for a single location at a given point in time (e.g., 1960 C.E. in Hawaii, see Fig. 8a ) and over an average of 5 millions years (Fig. 8b) . Fig. 8a shows the deviation of average paleointensity estimates for a variable number of n specimens. For each n, specimens are randomly drawn from the published 1960 Kilauea data set (Fig. 7) and averaged together. This procedure is performed 10,000 times and the median field estimate and bootstrapped 95% confidence intervals are calculated. The skewed data distribution of the 1960 flow towards higher than expected intensities is reflected in the median intensities for each n; median bootstrap values overestimate the expected field strength by a few lT (1.6 lT for n = 2, 2.7 lT for n = 100) but are within 95% confidence of the true field until about n ¼ 30. The simulation results in Fig. 8a suggest that any intensity estimate derived from published data at a given site is likely to overestimate the field by 1.6-2.7 lT or 4.5-7.5% of the expected Hawaiian intensity.
Next, we test whether the variabilities in site level estimates observed in Fig. 8a affect long-term calculations of field strength. In Fig. 8b we present median paleointensity estimates for a parameterized set of field vectors drawn from PSV model TK03 (Tauxe and Kent, 2004) at the 1960 Kilauea flow site (19:52 N, À154:81 E). The median intensity of N sites was calculated by randomly selecting N full-field vectors from TK03 (out of a possible 10,000) and redetermining the intensity by averaging n randomly drawn values from a distribution about the selected vector, where the variance about each vector is the 95% confidence distribution of n determined in Fig. 8b . This calculation is performed 10,000 times for each set of N estimates. The median intensity of the generated TK03 field vectors is 21.3 lT, which represents the expected longterm intensity at Hawaii over the last 5 million years. Our parametric bootstrap simulations suggest that any long-term field estimate is very likely to overestimate the actual paleointensity, regardless of the number of sites used in the calculation. The bootstrapped intensity values approach the expected field strength with increasing n, while the variance in field estimates is a function of N. Not surprisingly, a higher N and n will result in a more precise and accurate intensity calculation.
Finding a large number of sites in the literature from a single location is difficult as very few sites in the published data have an n of 10. Most paleointensity sites are averages of between two (Tauxe and Staudigel, 2004) ; MS = Multispecimen, domain-state-corrected (Deckers and Böhnel, 2006) ; PT = Pseudo-Thellier (Tauxe et al., 1995) ; TC = Coe Thellier (Coe, 1967) ; TT = Thellier-Thellier (Thellier and Thellier, 1959) ; SL = Shaw Low Temperature Demagnetization-Double Heating Technique (Tsunakawa et al., 1997; Tsunakawa et al., 1997) ; MT = Microwave Thellier (Hill and Shaw, 1999) ; AF = Alternating Field (Van Zijl et al., 1962) ; KT = Königsberger Thellier (Königsberger, 1938) ; KU = Kono and Ueno (Kono and Ueno, 1977) ; SD = Shaw Double Heating (Tsunakawa and Shaw, 1994) . (1960 Kilauea flow studies not cited elsewhere in this manuscript: Abokodair, 1977; Böhnel et al., 2011; Hill and Shaw, 2000; Morales et al., 2010; Tanaka and Kono, 1991; Valet and Herrero-Bervera, 2000) . and four specimens which, according to our simulations, would overestimate the geomagnetic field strength by 4.5-6.2 lT, or about 20-30% of the field in Hawaii. These simulations are based on the assumption that the uncertainty in site level paleointensity estimates is similar to what is observed at the 1960 Kilauea lava flow, which would lead to overestimates of the expected field. The use of strict selection criteria and rapidly cooled volcanic material in experimental analysis can reliably approximate the expected field intensity and reduce the site level variance to under 10%. Until such time as reliable estimates of unknown geomagnetic field strengths can be consistently recovered, long-term paleointensity calculations are likely to overestimate the true value by perhaps as much as 25%.
Conclusion
Subaerial basaltic volcanic glass is an accurate recorder of magnetic field strength when measured using the IZZI-modified Thellier-type experiment. We obtained successful results from six historic lava flows on the Big Island of Hawaii (1843 Hawaii ( , 1859 Hawaii ( , 1935 Hawaii ( , 1950 Hawaii ( , 1960 Hawaii ( , 1990 C.E.) using a strict set of selection requirements. Five flows have an average field intensity within 4% of the expected field and all but one (1990 C.E.) are within 1r-error of the actual intensity. The 1990 flow underestimated the expected field strength by 8%, which is only 2.7 lT away from the known field.
Published sample intensities from the 1960 Kilauea lava flow are not normally distributed and likely to result in an overestimate of the expected field strength. This skewed distribution of site level calculations are therefore likely to produce overestimates of the long-term geomagnetic field, perhaps as much as 25%.
Paleointensity experiments on lava flows can be precise and accurate when the proper material is collected and strict selection criteria are applied. The success of this study in reproducing the Earth's magnetic field strength can be attributed to our stringent statistical requirements and the use of glassy material from lava flow tops. Rapidly cooled volcanics are more likely to be single-domain and behave according to paleomagnetic theory during repeat heating experiments. The use of ideal material in paleointensity investigations allows for objective interpretations of Arai diagrams and simplifies the data analysis process. Volcanic glass may not be present in all geologic settings and can be difficult to identify in the field, but we encourage future expeditions to collect rapidly cooled (micro-crystalline) samples for paleointensity research. 
